Jaynes and his collaborators, 1-3 in particular, claim that to first order the theories are indistinguishable.
The successes of such a formalism are impressive, to be sure.
Many effects, whose origins have long been thought to be intimately tied to a quantization of the radiation field, have been rederived (or were originally derived) .in a semiclassical framework. These include:
(a) Spontaneous emission,l-5 (b) Absorption and stimulated emission, 1-5
(g)
Resonance fluorescence,1-3,6
Phot~electric effect,6,7
Compton effect,S Lamb shift 1 - 3 , 5 , VaculIDl polarization, 9 Black body radiation spectrum. [1] [2] [3] [4] 6 . .
• ( ,. -3- It is the purpose of this paper to show that there is at least one first-order effect that cannot be predicted by a semiclassical theory.
Further, it will be shown that currently existing experimental data from two independent experiments exclude semiclassical theories in general.
Thus there is justification for the usual caution with which such theories are treated. More important, they cannot be considered a solution to the problem of divergences in quantum electrodynamics.
In what follows we first discuss one of these experiments and its predictions from orthodox quantum theory of radiation. The initial and final atomic states have zero angular momentum and the same parity, and are unaffected by a 180 0 rotation about the y axis.
Similarly, the two-photon state must have zero angular momentum and . .
-5-.
even parity, and be tmaffected by a rotation of 180 0 about the y axis.
The only state satisfying these requirements is
The two photons are distinguishable by their energies. The 
The redundant propogaiion direction specification has been dropped, and the correct normalization inserted. A change of basis to linear polarization states allows the state vector to be written
The joint linear polarization measurement made by polarizers oriented at angles </>A and </>B to the x axis projects the state of Eq. A more complete calculation, 1 3 which acknowledges the finite solid-angle of the detectors and the non-ideal efficiencies of the polarizers, yields, for the probability of a coincidence,
w ere ~M an 1M are t e maxlmum transmlssl0ns 0 t e poarlzers, ~m an ~! are ·their minimum transmissions, and F l ..
In a semiclassical theory, polarization effects of radiation are described classically, since Maxwell's equations are to provide a complete description for the radiation field. A photon is described as a short pulse of classical electromagnetic radiation emit'ted by an atom during a transition from one state to another. Such a pulse has a well defined space-time description of the electric and magnetic fields.
First consider a single SUC]l pulse put successively through a narrow bandwidth filter and a partial linear polarizer and into a fast photomultiplier tube. The photoelectric effect has been treated semiclassically by Franken 6 and Lamb and Scully, 7 who show that in this description the probability of electron emission is proportional to the intensity of the incident wave for low intensities. The pulse entering the system has a probability of producing a photomultiplier count given A perturbation, perhaps associated with the excitation itself, gives it an admixture of other states and initiates a cascade. 14 The perturbation determines the degree and direction of the linear polarization of the emitted pulses, and will vary from one cascade to the next. According to this theory the radiation reaction field first accelerates and then damps the radiation process.
Alternatively, according to the discussion by Series,15 the spontaneous emission of radiation is induced by an omnipresent radiation reaction field. In any case, the parameters describing the polarization of the pair of emitted pulses over an ensemble of such pairs are classical random variables with joint probability density denoted by
The probability of a delayed coincidence count in the two photomultiplier tubes of the Kocher-Commins experiment may be calculated by using -9 -the usual methods of classical probability theory:
In the experiment of Kocher and Commins, data were taken keeping the relative orientation of the polarizers fixed, and averaging over rota-.tions of the pair . When the above expression is similarly averaged, we
Equation (10) can be put in the form
• where o ~. C, D, < qAqB> S 1 .
. av
It is clear from Eq. (11) that a semiclassical theory predicts that the ratio of minimum to maximum coincidence rate must always be greater than
On the other hand, conventional quantum mechanics predicts from Eq. (7) A -(EM - Nor does it appear likely that a simple modification to these theories can bring them into agreement with experimental data. Only two fundamental assumptions have been required for this discussion:
(1) For a classical electromagnetic wave of any incident polarization, the intensity that is transmitted by a linear polarizer varies as a + b Cos 2 (8 -¢);
(2) The probability of electron emission ata photomultiplier cathode is proportional to the incident intensity.
Both of these assumptions are rather well tested experimentally for classical electromagnetic radiation, and evidently cannot be modified within the framework of Maxwell's equations. The experiment of Kocher and Commins is, however, undergoing current refinement at this and other laboratories in an attempt to test general neo-classical theories of matter and radiation which do not stay within tIle framework of Maxwell's equations.
13
These results will be reported elsewhere. it suggested that the correlations must arise through an incompleteness of the theory. Bohr in reply19 showed that such correlations give rise to no observable effects that are contrary to physical experience, and that quantum mechanics, in spite of the objections of EPR, can be considered a complete description of physical phenomena.
At the same time, Furry pointed out 20 that a suitably modified theory in which this interference was eliminated necessarily led. to significantly different predictions. He hypothesized that, in this modified theory, after the two systems had ceased to interact, each somehow evolved into a definite state. Following this evolution, the systems are in a correlated "mixture" of states, rather than a correlated "pure" state.
Bohm and Aharonov,21 much later, appealed to experiment to test this hypothesis. They considered the Wu-Shaknov eA-periment, 22
which· was a measurement of the polarization correlation of yrays emitted during the annihilation of singlet positronium. Their analysis, similar to the one in this work, showed that the observed correlation has the magnitude predicted by quantum theory, and not that of the hypothesis discussed by Furry.
..
' .. The oscillating terms are identified as effectively generating a Lamb shift in radiating states,25
The effective electric dipole moment of the atom is given (B.12) In this expression, the electric dipole moment is to be interpreted as due to an objectively existent charge distribution, whose oscillation generates the classical radiation field. This notion will be recognized as the old Schrodinger interpretation of quantum mechanics.
Following Franken 6 and Lamb and Scully,7 we assume that the probability of a photomultiplier count is proportional to the time average of the intensity of the classical electromagnetic wave. transmitted by the interference filter and the linear polarizer, Thus the system accepting light with frequency vA will register a count with probability proportional to the time average of the square of the component of the electric dipole moment parallel to the linear polarizer 04,
-17-direction ctl. From (B.ll) and (B.12) this is given by27 (B .13) where r n ~ 0 and 8.. are both real and are defined by
Similarly, for frequency vB' we have (B .14)
Finally, the probability of a delayed coincidence is proportional to (B .15) where ~ = (E + El + E3 + E 4 )t h~ + arg[a(t )al(t )a 3 (t )a 4 (t )] . equality holds when PH = P 33 .
Relation (12), with the assumption of ideal polarizers -18-(~ = 1, £m = 0) yields the same lower limit for this ratio. 1967 (1967) .
(Lawrence Radiation Laboratory Report #17587, 1967, unpublished).
Eagle-eyed readers will notice that the order of polarizers and interference filters in this discussion is the opposite of that shown in Fig. 1 for the Kocher-Corrunins experiment. The predictions for the experiment are identical for either order; however, the discussion is clearer for the order used in the text. 
